We present the results of applications of the iterative Schwinger variational method to obtain photoionization cross sections and phoelectron angular distributions for ionization out of the four outermost valence orbitals 1b 3u , 1b 3g , 3a g and 1b 2u of ethylene for photon energies ranging from near threshold to 30 eV. The observed resonancelike maxima in the cross sections for ionization of the 1b 3g and 3a g orbitals are reproduced in our calculations. The disagreement between our cross sections and the experimental data for the 1b 3u orbital below 17 e V is attributed to autoionization, which is not accounted for in our calculations.
I. Introduction
Although there is a considerable increasing interest on the investigation of rotationally resolved photoionization spectroscopy [14] , conventional photoelectron studies in molecules can still provide valuable insight into the underlying photoionization dynamics, e.g., the role of shape resonances in photoelectron spectra [5, 6] and of nonFranckCondon vibrational distributions of photoions [7, 8] . On the theoretical point of view, calculations of http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0103-97331997000400007&lng=en&nrm=iso&tlng=en 2/10 photoionization spectra require quantitative estimates of the photoelectron matrix elements which accurately incorporate the angular momentum coupling present in molecular photoelectron wavefunctions.
In our previous studies we have derived these photoionization matrix elements using HartreeFock photoelectron orbitals obtained from a numerical solution of the LippmannSchwinger equation using the Schwinger variational iterative method (SVIM) (Ref. [9] ). This procedure has proven to be numerically robust and capable of providing a quantitative description of the photoionization dynamics in molecular systems studied to date [4] . Although this method was developped in the early eighties and has been applied to studies of photoionization of linear systems [1012] , it still constitutes one of a few tools for carrying out ab initio calculations of cross sections and asymmetry parameters for photoionization of nonlinear polyatomic molecules. For the photoionization of such molecules, even at the staticexchange (SE) level of approximation, the application of SVIM has been limited to two systems [13, 14] . The comparison between the calculated results in the exact SE level with the experimental data would provide information on the role played by important physical effects, e.g., multichannel coupling, correlationpolarization effects, etc., not included in the calculations. In addition, the SE calculation represents the first step towards rotationally resolved photioinization studies.
In this paper we present the results of a theoretical study of photoionization of ethylene. Specifically, we report vibrationally and rotationally unresolved photoionization cross sections and photoelectron asymmetry parameters for the 1b 3u , 1b 3g , 3a g and 1b 2u valence orbitals of ethylene. Over the years, photoionization of C 2 H 4 has been the subject of a few experimental and theoretical investigations. Partial photoionization cross sections for several valence orbitals have been measured by Grimm et al. [15] and by Brennan et al. [16] , while the photoelectron angular distributions were reported by Mehaffy et al. [17] . More recently, the photoionization cross sections and asymmetry parameters for the C 1s orbital of ethylene were studied by Kilcoyne et al. [18] . On the theoretical side, the partial cross sections and asymmetry parameters for some valence and innervalence orbitals were both calculated only by Grimm [19] , using the continuum multiplescattering Xa (CMSX a ) method. The Stieltjes Tchebycheff moment theory (STMT) method has been used by Galasso [20] and Farren et al. [21] to study the photoionization cross sections of C 2 H 4 , although the latter has reported only the partial cross sections for the photoionization of the 3a g orbital. However, it is well known that the STMT is unable to provide the asymmetry parameters of the photoelectrons. Therefore, the present work is the first ab initio calculation of both partial cross sections and asymmetry parameters for several valence and innervalence orbitals of this molecule.
The paper is organized as follows. In the next section we briefly review the method used for obtaining the photoelectron orbitals and matrix elements along with some numerical details of the calculation. In section III we present our calculated photoionization cross sections and photoelectron asymmetry parameters and compare them with selected experimental data and other available theoretical results. Finally, in section IV we summarize our conclusions.
II. Theory and Calculation
Details of the procedure have been given elsewhere [13, 14] and only a few essential aspects will be discussed here. The photoelectron angular distribution averaged over molecular orientations is given by:
where s (L,V) is the total photoionization cross section, obtained with the length (L) or velocity (V) form of the dipole moment operator. For nonlinear molecules, s (L,V) is given by :
where E is the photon energy, p is one of the irreducible representations (IR) of the symmetry group of the molecule and h distinguishes between different bases for the same IR corresponding to the same value of l. The index m labels components of vectors belonging to the same IR and v designates components of the dipole moment operator.
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In Eq. (1), is the asymmetry parameter and can be written as:
The are the expansion coefficients of the symmetryadapted functions in terms of the usual spherical harmonics [22] , while the appearing in Eqs. (2) and (3) are the partialwave components of the dynamical coefficients which can be written as [9]: and respectively. In Eqs. (4) and (5), Y i is the target ground state wave function, the final state (incomingwave normalized) wavefunction for the system (ion plus photoelectron), a unit vector in the direction of polarization of the radiation and the photoelectron momentum.
In the present study, Y i is a HartreeFock (HF) wavefunction. The final state is described by a single electronic configuration in which the ionic core orbitals are constrained to be identical to those of the initial ground state. In this approximation, the photoelectron orbital is a solution of the oneelectron Schrödinger equation :
where V N1 is the staticexchange potential of the molecular ion and satisfies appropriate boundary conditions. To proceed, Eq. (6) is rewritten in an integral form, the LippmannSchwinger equation, which is then solved using an iterative procedure based on the Schwinger variational principle. 3g , and 1b 3u orbitals, respectively.
All matrix elements arising in the present calculations were evaluated using a singlecenter expansion truncated at l max = 14. All allowed h values (h £ l) for a given l were retained. Increasing l max in these expansions did not lead to any significant change in the resulting cross sections. The basis set used in the solution of Eq. (6) is given in Table 1 . All cross sections shown below were converged within 4 iterations. a Cartesian Gaussian basis functions are defined as f a ,l,m,n,A(r) = N(xA x ) l (yA y ) m (zA z ) n exp(a|r A| 2 ), with N a normalization constant. CM denotes the center of mass. , and kb 2g partial channels, with the length form of the dipole operator, are also included in the figure. The differences between the dipolelength and dipolevelocity cross sections, as seen in the figure, are known to be generally due to the neglect of electron correlation in the wavefunction. Comparison between the present results and experimental data above 17 eV is encouraging. The structure seen around 12.5 and 14.5 eV in the experimental data is due to autoionizing resonances. Similar structures are observed in the photoionization of 1p u orbital of C 2 H 2 and have been interpreted previously [25] . Since our present formulation provides only the direct contribution to the photoionization cross section, any effect arising from autionization cannot be accounted for. A comparison of our results with the calculated CMSX a cross sections shows qualitative agreement. The CMSX a cross sections are in general smaller than our results at lower energies. The main difference comes from the contribution of the kb 2g channel which in the present calculation is important near threshold, in contrast to the CMSX a results. On the other hand, the STMTRPA study of Galasso [20] (not shown to avoid clutter in the figure) reported a resonancelike peak in the photoionization cross sections at about 19 eV. This peak is neither seen in the present and CMSX a studies nor observed in the measured cross sections.
III. Results and Discussion
In Fig. (1b) we compare the calculated photoelectron angular distribution (b) with the corresponding CMSX a results [19] and with the synchrotron data of Mehaffy et al. [17] . Agreement between the calculated and measured results is in general good. The structure shown in the experimental data at lower energies is again attributed to autionization and is not reproduced in the calculations. The photoionization cross sections for the 1b 2u orbital of C 2 H 4 are shown in Fig. (4a) , along with experimental results of Grimm et al. [15] and the calculated CMSXa cross sections of Ref. [19] . There is a general agreement between our dipolevelocity results and the experimental data above 19 eV, as well as with the CMSXa results over the entire energy range. However, our dipole length cross sections lie systematically above the measured data over the entire energy range. Near threshold, a single experimental point at 18 eV shows a sudden drop in the cross sections, in contrast with our calculations. Unfortunately, due to the lack of additional data points in this energy region, no meaningful conclusion can be drawn from this disagreement. In Fig. (4b) , we compare our photoelectron angular distributions with the experimental data and the CMSXa results. The qualitative agreement between calculated and experimental results is generally good, although our calculated b lies above the measured values.
IV. Concluding Remarks
We have reported cross sections and asymmetry parameters for the photoionization of the four outmost valence orbitals of ethylene, both in length and velocity forms. Due to the lack of correlation in our SCF calculation, the cross sections in the length form differ from those in the velocity form. The velocity form of these cross sections is generally in better agreement with the available experimental results. Similar conclusions were also reported by Lucchese et al. [9] in their study of the photoionization of the N 2 molecule. Indeed, the present study is the only that reports ab initio results for both partial cross sections and asymmetry parameters for photoionization of ethylene at the exact SE level. The eventual disagreement of our SE results and the experimental data could indicate that the inclusion of important effects beyond the SE level should be needed. On the other hand, a good agreement of semiempirical SE results with experiments for which the description in the SE approximation is expected to fail reveals that important physical effects are being masked in the calculations.
